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the content and release of ATP and B-thromboglobulin (B-TG). There was a
significant correlation between MPV and both ATP and B-TG content and a
progressive increase in the absolute release of ATP and B-TG associated with
the increase in MPV after stimulation, However, the percent release of total
ATP and B-TG was similar in all fractions. Our data indicate that the
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ability of platelets to affect their environment as measured by aggregation
and total release of granular content is proportional to their size.
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ABSTR"T .
The relationship between mean plateiet volume (MPV) and platelet funrno-\

was studied in human platelet subpopulatnons separated on the basis of size

by counterflow centrifugation. The original plate . popul:* :n and five size-

dependent platelet fractions wege Suspended in buffer or au:...jogous PPP at

: : Q. .
a platelet count of 2 x 10%/m1. ollagen-(8-yzferrt) Tnduced aggregation showed

a significant negative correlation between MPV and onset of aggregation and
positive correlations between the MPV and the rate and extént of aggregation.
Thrombin stimulation h‘ﬁﬁnﬂ%éﬁnonstrated similar relationships between
MPYV and the rate and extent of aggregé_tién. In contrast, ristocetin-induced
platelet agglutination occurred at a similar rate and extent in all fractions.
1"0 quantitate furthef the differential response of the platelets we measured
the content and release of ATP and &-thromboglobu!in" 9{;&? There was

a significant correlation between MPV and both ATP and R-T_G content and

a progressive increase in the absolute release of ATP andf’l\:{;l'cgassociated
with the increasc u) H:{‘V after stimulation. Howevercthe percent release

of total ATP and B8-TG was similar in all fractions. Qur gata mdncate&(hat
the intrinsic function of platelets of different sizes is similar, but the absolute
ability of platelets to affect their environment as measured by aggregation

and total release of
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INTRODUCTION

Platelets are known to be hetcrogeneous with respect to size, dehsify,
function, metabolism and age (1-14). However, the causes and significance
of this heterogeneity remain controversial. Recent advances in cell sizing
have made one index of platelet heterogeneity, the platelet volume distribution,
» routinely available in most clinical laboratories (15-17). Despite the increasing
availability of MPV measurements the relevance of platelet volume to platelet
> physiology and pathology remains to be established. A number of authors have
3 reported an apparent correlation between the MPV and platelet aggregation
(3,5,13,18-21), and several theori_es have been proposed to explain the positive
correlation. Karpatkin (5) has s;ggested that different sized platelets are
i : ﬁbalitatively different because they are of different ages. Penington and co-
workers (9,10) suggest that platelet size variation arises from production in
s . the-bone marrow of platelets with different functional capacities. Alternatively,
the intrinsic function of platelets of varying size may be similar and the differ-

ences in function may be quantitative ones, directly predictable from differences

3 in size. These quantitative differences may be based on the physical properties
‘: of different sized particles as proposed recently by Holme and Murphy (22)
or they may be based on metabolic capacities which correlate with differences
ﬁ in size. Another possibility is that the observed relztionship between the MDY
% ‘ and in vitro tests of platelet function might reflect zn artifact based on the
: effects of differing platelet size on the turbidometric measurcment of platelet
&
p z.i aggregation.

In this study we have examined the relationship batween MPV and in

vitro platclet aggregation and the release of dense body and e-granule contueats.
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Y Using human platclet subpopulations separated on the basis ot size by counter-

flow centrifugation, we have confirmed the correlation between platelet volume

}‘ and in vitro activity and attempted to define the nature of the relationship.
e - . : :

Re

B

MATERIALS AND METHODS
)
-4 Blood collection and platelet isolation
)
} Blood (42.5 ml) was obtained from healthy male laboratory personnel |
4 ' who had not taken any medication known to affect platelet function nor had

»r o ’
’. donated blood within the previous 10 days. The method for isolation of platelets
e

]

; from whole blood has been described in detail (13) and was used without
¥ ‘ modification.

o
‘i \
v Platelct subpopulations
. ' 7

:,' ‘ The method for isolation of size-dependent platelet subpopulations by

< : : o

:ﬂ counterflow centrifugation has been described in detail previously (13). In
a4

a2 brief, counterflow centrifugation opposes an outwarcly-directed centrifugal
y force with an inwardly directed force generated by the flow of fluid through
I the centrifuge separation chamber. Cells of different size equilibrate at

P X
= different positions in the chamber and can be remcved from the centrifuge
l ) - . *

:-,;: sequentially by increasing the rate of flow through the chamber. Separation
. :

;‘.'} is achieved on the basis of cell size and the effect cf ciffering cell density
/.
N is minirna! (13).
RY : o 1p
t-:; In thase expariments 4-7 x 157 platelets were loaded into the chamber
2o
t{ of the counterflov/ centrifuge and separated into 7 sequential fractions (13).
YA

The 7 fractions and a sarple of the original unfractionated platelet suspansion
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were placed on ice for 10 min and EGTA (Sigma Chernical Co., St. Louis, MO)
was added to a final concentration of 1 mM. The platelets were then sedimeanted
by centrifugation at 2000 x g for 10 min. The supernatant buffer was aspirated
and the platelets resuspended in either Tris-citrate-bicarbonate (TCB) buffer
(23) or autologous citrated PPP. In order to obtain comparable quantities

of platelets in all fractions for subsequent functional studies, the platelets

in fractions 1 and 2 and fractions 6 and 7 were pooled. The platelet count

in all of the final suspensions was adjusfed to approximately 2 x 108/ml. BSA

and Ca’tCl2 were added to a final concentration of 0.05% and 3 mM respactively.

Platelet counting and sizing

Platelet counts were performed visually by phase microscopy and eiec-
tronically using a Coulter ZBI Counter (Coulter Electronics, Hialeah, FL).
Platelets were sized using t:: - linear scale on a Coulter ZB Counter with an
H4 channelyzer attachment (Coulter Electronics) and a 50/60 aperture elec-
trode. Details of these procedures and calibration routines have been presented

previously (13).

Platelet aggregation and ATP releasc

Platclet aggregation and simultanecus ATD release were measured in
a Lumi-Aggregometer (Chronolog Corp., iavertown, PA). Four hundred ul
of the platelet suspension to which 50 ! of luciferin/luciferase reagent vas
added, were stirred at 37°C in a siliconized glass cuvette for 2 inin prior to

stimulation. Lyophilized luciferin/luciferase reazent (Dupont Chemical Co.,

Wilinington, DE) was reconstituted to 59 mg/ml in 100 m\ tris-HCI, pH 7.4

o o
™

>
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containing 54 mM MgSO,. To control for differences in the optical density

of the platelet subpopulaf:ions,- each sample was adjusted to a baseline th;t :
set the optical density of the platelets in suspension at 10% light traﬁsmission.
A blank of TCB buffer or PPP was set at 90% light transrnission. Platelets
were then stimulated with 50 ul of either human a-thrombin (Dr. John Fenton,
New York State Department of Health),. collagen (Hormon-Chemie, Munich,

West Germany), or ristocetin A (Aggrecetin, Bio/Data Corp., Horsham, PA).

A

‘ Aggregation was measured as the percent change in light transmission (% AT)
7‘; over time. ATP release was measured as maxirnurn generation of luminescence (24).
o . : : :

e Validation o! 'urbidometric measurements of aggregation

:::\ . Platelet aggregates were fixed with 50 ul of 0.1 M EDTA in 2.5% formalin
. ' (25) at 20% AT or-after maximum % AT (typically 5 min). Aggregometer

o

:3 readings confirmed that this addition arrested aggregation and deaggregation
j almost instantaneously leaving the light transiission of the sample stable

x for at least 10 min. Aggregates were then removed by a modification of the

S:E method of Haver and Gear (21) by centrifdging the sample at 500 x g for 10 sec
F:'.: on a Sorvall GLC-2 centrifuge. A control platelet suspension to which 50 pl

of buffer was added instead of aggregating agent, was centrifuged simultaneously.
Aiter centrifugation, 400 ul of supernate from both the aggregated sample

:;:I and the control were remavad and counted for the number of residual single
: platele: . The percent of platelets remaining vnaggregated vas determined

z by dividing the platciet count in the aggregated szinple by the count in the
-

2 control. Ezch sample was processed in duplicate end the incan used for data
~ analysis,
7 ;
N
b
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Quantitation of ATP content and release

' ATP content was m'easur_ed by solubilization of a stirred mixture of 400 sl
of platelet suspension and 50 ul of luciferin/luciferase reagent w.th 50 ul of
10% Triton X-100 (Sigma) in the Lumi-Aggregometer. The luminescence
generated was measured and ATP concentration calculated from a standard
curve obtained by adding known amounts of an ATP standard to an analogous
cell-free system. The maximum release of ATP from platelets during platelst
aggregation was measured as above in the Lumi-Aggregometer and converted
to concentrations by use of the standard curve. In control experiments the

presence of Triton X-100 was shown to have no significant effect on luminsas-
. ’/

cence generated by the addition of ATP.

g -Thromboglobulin content and release

" Samples prepared for ATP release as described above were removed
from the Lumi-Aggregometcr after 5 min and transferred to an Eppendorf
microcentrifuge tube containing 50 ul of ice-cold 10% DAMISO it 200 mM EDTA
(26). The sample was immediately centrifuged at 12,000 x g for & min in an
Eppendorf Model 5412 Microcentrifuge. Four hundred ul of the resulting super-
nate were removed, stored at -20°C and subsequantly assayed for g-thrombo-
globulin by radicimmunoassay using a commercially availahle kit (Amarsham
Corp., Arlington Heights, IL). Total 8-TG content was measured in tritonized
saraples, preparcd as described above for total ATP content. Prior to assay
the samples were diluied 100-fold with TCB buffer and the 8-TG stand:v-ds
were reconstituted in TCB buffer. In preliminary experiments it was detor-
mined ti- 1t the levels of luciferin/luciferase reagent, DVISO/EDTA, and Triton

X- 0C pre.ont had no effect on the standard curve. All radioimmunoassays

were performed in duplicate and resuits calculated from the mean.
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Statistics

Statistical evaiuation of data was performed by linear regression anélysis (27).

RESULTS

The characteristics of the size-dependent plaielet subpopulations usad
in the functional studies are given in Table 1. Increasing fraction number
corresponds closely to increasing fraction MPV and total recovery through
the counterflow centrifuge was 91.8 + 5.6% (mean i SD, n = 10). Each of the
5 subpopulations containad between 16.8 + #.3% and 23.6 + 1.2% of the re-
covered platelets. The ATP and 8-TG content per 158 platelets from each
subpopulation show a close correlation (p< 0.001, p< 0.0l respectively) with
tha MPV of the platelets (Table 1). No significant diiferences were seen in
the platelet counts after resuspension in TC_B buffer prior to aggregation
studies. During all procedures the original unfractionated platelet population
was also studied. The valucs for the uniractionated platelets were generally
in the mid-range of the fractions' value.

Fig. 1 shows typical aggregation responses of the platelet subpopulations
and original unfractionated platelets to stimulation with collagen (10 ng/ml)
and thrombin (1 U/ml). These concentrations best illustrate the differential
aggicgaiion beiween fractions. [lowever, the large platclets would routinely
respond to smaller stimuli (0.25 U/m) thrombin, 2.5 pg/ml collagen) but ths
response of smaller platclets was undcr‘ectab!e (resulss not shown). Aggrega-
tion was quantitated by measuremeni of lag tim- {zime Irom: addition of
aggregating agent to onset of aggresation), initial vute of aggrogation (slope
of the initial % AT after onset of agoregation), ard maximal aggragation

(inaxirmin S5 AT after 5 main). The rosulls of theit mesirramaonts for
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collagen-induced aggregation at final concentrations of 10 ;nd 50 pg/inl are
shown in Fig. 2a. For both concentrations there is a significant inverse
correlation between the lag time and the MPV of the fraction (p<0.01), while
both the initial rate and the extent of aggregation shicwed significant positive
correlations (p <0.05, p < 0.0! respectively). Fig. 2b shows equivalent data
for three different thrombin concentrations (0.25, 0.5, and 1.0 U/ml). As with
ccllagen, for all three thrombin concentrations, there is a significant positive
correlation between both rate (p <0.001) and extent (p <0.05) of aggregation
and the MPV of the platelet subpopulations. The lag time for thrombin-induced
aggregation was much shorter than for collagen-induced aggregation and in
contrast to collagen, while there was a decrease in lag tirme with increasing
thrombin dose, no significant differences in lag time were noted between the
fractions at any given dose. The patterns observed in Fizg. 2 were seen consis-
tently in each incividual experiment. Values for unfractionated platelets and
their representative standard deviations are shown on the side of each figure.
To correlate the res-;xlts of collagen- and thrombin-induced aggregation
as measured by the aggregometer with effects on single plateicts, aggregation
was arrested at two different points using EDTA/forrnalin (Table 2). In the
firstA experiments, aggregation was arrested when each of the platelet {ractions
exhibitad 20% 4T and the number of single platelets reinaining was determined.
At the sane extent of aggregation, as measured by the aggregoineter, approxi-
mately the same number of platelets were left unaggregated in each fraction

(p>0.1). After 5 min collagen-induced aggregation was complate (Fig. 1),

at this tirne the number of single platelets remaining unaggregated bacomes

progressively less with increasing fraction size (p< 0.25). Both platolet conmnting
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e and aggregometry reveal the same trend of progressively greater aggregation
‘ : '
e with increasing fraction MPV. - Similar data to that reporied for collagen-induced
o . . . . .
aggregation were obtained with 1 U/m] thrombin (dzt2 nos shown).
"."\‘0
'y '.\‘ . . H
a0 To test the possibility that the observed differences in aggregation reflected
s physical differences in size, ristocetiin-induzed aggluzinz:ion of each of the
ey .
L e
=ty . : . R ;
:{:j- subpopulations was measured. A dose response curvz of the uniractionated ;
- platelets was performed and a dose in the mid-range of tre agglutination ' ?
\". A J I ) : !
e response was chosen for study. Lack of ATP release verified that we were !
:I::' observing only agglutination and not the cornbined eifects of agglutination
*.":'.
N and secondary platelet aggregation. In a series of three experiments, no diffei-
-‘\ . - M
T ence in the rate or extent of aggregation was seen batwe=n the unfractionated
- \. . -
] ‘~\
'_"-\ platelets and any of the subpopulations. The resuits of a rapresentative experi-
-"‘.
Lo ment are shown in Fig. 3. To ensure that the concentration of von Willebrand
e factor was not limiting, the experiments were performed on subpopulations
RN resuspended in autologous PPP. Collagen-induced eggregztion of the same
-
- plasma resuspended platelets showed the sama pattarns of responsa as thosa
’. -
in Fig. 1.
S 8
L . ' . s
o ATP release was measured during collagen- and thrambin-induced aggrega-
; tion (Fig. 4). For each dose of collagen and thrombin the-2 was positive correla-
\"\v
LYY
z;: tion (p < U.01) between the t4PV of the traction and th= &3solute quantity of
.95
g ATP released. However, the larger plaielets had a groztar initial ATP content
NN (Fig. 1). To corcect for this the data have been preseni=< in the lower graph:
L0
2
:jf-:: as the percent of total ATP comtent telzased, Wies, LB Zzia were CXjOSSeu
.':.: . $ . . e iy . ' P P |
.-j,:: W otnis way no hlgmfl:‘.émt ditferoncs sous 5200 in the shTsof the [.; telors

to rebrase AT in responnsn to a piv o dote of ¢t 2olazon o thrambin h > o)
- .
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: , The release of 8-TG was also measured after thrombin- (1 U/ml) or '

:f; collagen- (10 pg/ml) induced aggregation (Fig. 5). There was a positiva corre-
':‘2 lation (p < 0.05) betwecn the MPV and the absolute quantity of B-TG releasad.
X \When release was expressed as a percent of the original B-TG content, the

j percent release from all the fractions was similar (p> 0.5).

- :

‘ DISCUSSION

::‘i Our results demonstrate a significant correlation between platelet volume
: and in vitro tests of platelet function. For both collagen- and thrombin-induced
. platelet aggregation increasing rate and extent of response were noted with

L

: increasing MPV of the fractions and the validity of these observations was
confirmed by serizal platzlet counts. Holme and Nurphy (22) have recently
. suggested that large platelets might aggregate more quickly than small onss

:; merely because they ccllide with each other more frequently. However, in

:E the present study agglutination of size-dependent platelet subpopulations by

- ristocetin showed no differences in the rate or extent of response between

the fractions. Since in the absence of platelet activation (indicated by the

: absence of the release reaction during ristocetin-induced agglutination), no

: difference in the response patterns of the platelet subpopulations was observed,
E: differences in aggregation patterns cannot simply reflect physical differences
f, in size of the platelet subpopulations. Thus the differential response of the
, platelcts represents differences in the platelets’ functionel ability to respand
:‘E 1o the dificrent ag . 2galing agents.
5y One mechanisin by which platelets promote aggregation is through the

;2 rele s reaction. By releasing agec.gatory agents such as ADP and thrombosan
v
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A, platelets can catalyze .their own reactions since concentrations of difif':rent
aggregating agents appear to be additive in their effects on platelet aggregation
(28). To study the relationship between thz 1PV and the release reaction,
ATP, a dense body constituent, and 8-TG, an a-granule constituent, were
measured during collagen- and thrombin-induced platelet aggrzgation. Large
platelets contained proportionately larger amnounts of ATP and B-TG than
smaller ones. The differential aggregation response of the subpopulations
could reflect different thresholds for the induction of the release reaction
which is a qualitative difference. However, the parcent release of both ATP
and B-TG was the same in all fractions whan tested over a fange of thrembin
and collagen doses. Alternatively, the larger platelets could exhibit an enhanced
agzregation response by virtue of releasing greater absolute quantities of
aggregatory substances, a qualitative difference. This study demonstrated
an increased absalute release of both ATP and 8-TG proportional to the increase
in platelet size.

Platelet arachidonic acid metabolites are also imnporiant modulators
of platelet activity and their role in the difiesrential response of size;d:-pendent
platelet subpopulations is currently under investigation.

Our data indicate that the intrinsic function of size-d=pendent platelet
subpopulations is similar but the absolute ability of plateleis to affect each
other and their enviconment as measured by aggregation and the release

reaction respectively is proportional to their size.
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TABLE 2

§ Percent of singla platelets remaining after partizl and complate aggregation

R Fraction # Aggregetion inhibited at:

N
e 20% AT 5 inin
\’i.:

1/2 59.2 + 6.7 23.5 + 5.4
1242 3 59.9 + 5.4 14.0 + 5.0
328 b 57.0 + 8.6 12.3 + 4.3
% - -
e 5 57.4 + 5.8 10.9 + 6.3

g@ | . 6/7 52.3 + 3.6 10.4 + 5.3

N Unfractionatad 62.0 + 9.7 12.8 + 3.0
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Qrity

Aggregation was induced by collagen (10 113/ml) and aggregates fixed by the

€

addition of formalin-EDTA after 20% change in light transmission or after

=Yy
QL

Yy

complete agzregation at 5 min (mean + 3D, n = 3).
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Collagen- and thrombin-induced aggregation of size-dependent platelet sub-
populations and original unfractionated platelets. The platel~t count in cach

fraction was 2 x 108/ml and each figure is representative of at least four

experiments.
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Ristocetin-induced agglutination of size-Jependent plaielet subpo;;uiations
and original unfractionated platelets. The platelet count in each fraction

was 2 x lOslml and the figure is representative of threz experiments.
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Collagen-induced ATP release.
—0-10 uvg/ial (mean, n = &).
—2-50 ug/mn} (mean, n = 5).
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